The performance of fiber reinforced thermoplastic composites strongly depends on solid fiber-matrix adhesion to allow stress transfer between the phases. Fiber surface modification with coupling agents is generally needed to induce bond formation between the fiber and the polymer. This study investigated the effects of coupling agent's functional monomer (acrylic acid vs. maleic anhydride) and base resin (polyethylene (PE) vs. polypropylene (PP)) types on the tensile and flexural properties of high-density polyethylene (HDPE)-wood-flour composites. The interfacial adhesion between wood flour and HDPE matrix was examined using environmental scanning electron microscope. The experimental results indicate that the types of functional monomer and base resin are important factors determining the effectiveness of functionalized coupling agents for HDPEwood-flour composites. Maleic anhydride-functionalized polyolefins perform better than acrylic acid counterparts whereas PE-based maleated coupling agents are more effective than PP-based counterparts in improving the strength properties of HDPE-wood-flour composites.
INTRODUCTION
D URING THE LAST decade, extensive efforts have been made on the use of wood fibers as fillers or reinforcers for thermoplastic matrices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The rationale behind these efforts is that wood fibers offer many advantages over the most commonly used inorganic materials including a lower cost on a volumetric basis, higher specific strength and modulus, flexibility during processing, etc. [1] [2] [3] [4] 6, 9, 10] . Despite these advantages, the strength properties of plastic-wood-fiber composites are inferior compared to neat plastics as a result of poor interfacial adhesion due to the incompatibility between hydrophilic wood fibers and hydrophobic plastics [1] [2] [3] [4] [5] [6] [7] [8] . Surface modification of wood fiber with coupling agents is generally needed to improve the adhesion between wood fiber and polymer matrix [1] [2] [3] [4] [5] [6] [7] [8] .
Substantial research has been carried out on the surface modification of wood fiber using coupling agents to improve the strength properties of plastic-wood-fiber composites [1] [2] [3] [4] [5] [6] [7] [8] . Among them, the influence of surface treatment of wood flour with maleated polypropylene (MAPP) on the strength properties of polypropylene (PP)-wood-fiber composites has received particular attention [3] [4] [5] [6] . Many in-depth studies have reported improvement in the strength properties of PP-wood-fiber composites when MAPP was used in the formulation and the mechanisms of adhesion between wood fiber and PP matrix that caused the improvement [3] [4] [5] [6] [12] [13] [14] [15] . In addition, few studies have discussed the effect of fiber treatments on the performance of polyvinyl chloride (PVC)-wood-flour composites [7, 8] . Despite these studies, PP and PVC matrices account for only 30% of the thermoplastics used in the manufacture of plastic-wood-fiber composites in the current North American market [16] . On the contrary, polyethylene (PE) represents the largest portion (70%) of the polymer matrix for the production of plastic-wood-fiber composites [16] . However, the research on the surface modified wood fiber and PE composite system has not been extensive.
In the present study, the effect of the addition of various functionalized polyolefin-coupling agents on the mechanical properties of high-density polyethylene (HDPE)-wood-flour composites was investigated. Particular emphasis was placed on evaluating the influence of coupling agent's functional monomer (acrylic acid vs. maleic anhydride) and base resin (PE vs. PP) types on the tensile and flexural properties of HDPE-woodflour composites. An Environmental Scanning Electron Microscopy was applied to investigate the morphology of the fracture surfaces of HDPEwood-flour composite samples.
EXPERIMENTAL

Materials
The polymer matrix used in this study was high-density polyethylene (HDPE) supplied by Solvay Polymers (Fortiflex T50-1000F, melt index of 10 dg/min and density of 0.953 g/cm 3 ). Commercial wood flour from maple (specific gravity of 0.54 and mesh size of 20) was used as filler (supplied by American Wood Fibers). Five different coupling agents including an acrylic acid-functionalized polypropylene (Polybond 1001), an acrylic acid-functionalized polyethylene (Polybond 1009), a maleated high-density polyethylene (Polybond 3009), a maleated linear low-density polyethylene (Polybond 3109), and a maleated polypropylene (Polybond 3200) supplied by Uniroyal Chemical Company, were evaluated. Detailed information on the base resins, functional monomers, and percent functionality of these coupling agents is summarized in Table 1 .
Manufacture of HDPE-Wood-Flour Composites
High-density polyethylene-wood-flour composites were manufactured following the methods described in a previous paper [10] . HDPE, oven-dried wood flour, and coupling agents were dry-blended in a 20L high intensity mixer (Papenmeier, Type TGAHK20) for 5 min. The HDPE to wood flour percent ratio in the mixtures was fixed at 60 : 40 based on the total weight of . The temperatures of the four processing zones from hopper to horizontal rod die were set at 150/155/160/160 C and the screw speed rate was maintained at 40 rpm. The extruded rods were compression-molded into panels in a hydraulic press at 170 C and 650 psi for 5 min. The mold was then cooled to room temperature in a cold press. From these panels, the dogbone-shaped (1.5 mm thick) and rectangular (3 mm thick) samples were cut for tensile (ASTM D638) and three-point flexural (ASTM D790) testing.
Mechanical Property Testing
Tensile and three-point flexural tests were carried out on an ATS testing machine with crosshead rates of 12.5 mm/min and 1.35 mm/min in conformance with ASTM standards D638 and D790, respectively. Five replicates were tested to obtain an average value for each formulation.
A single factor ANOVA was conducted to examine the differences in mean tensile and flexural properties among neat HDPE and composites with and without coupling agents. All statistical analyses were performed using Design Expert software (Version 6) from Stat-Ease, Inc.-Minnesota. Multiple comparisons of the means after ANOVA were performed using the Least Significant Difference (LSD) method.
Determination of the Fiber Volume Fraction (V f )
The fiber volume fraction (V f ) is an important parameter in the theoretical calculations for strength, modulus, and other properties of fiberreinforced composite materials and it can be calculated using the following equation [17] :
where V c is the composite volume fraction, M c is the mass of composite, M f is the mass of the fibers, and r is the density of the polymer matrix. The density of the composite samples was determined according to ASTM standard D792 using Archimedes water displacement technique. Twenty replicates were tested and the average value of 0.96 g/cm 3 was obtained. The density of HDPE matrix was 0.953 g/cm 3 and the weight fraction of the fiber in this study was 40%. Based on these data and Equation (1), the theoretical fiber volume fraction was calculated to be 39.6%.
Environmental Scanning Electron Microscopy (ESEM) Study
Environmental scanning electron microscopy study was carried out to investigate the interfacial adhesion between wood flour and HDPE matrix of the composites. The morphology of the fractured composite samples obtained from tensile property testing was investigated using a Philips XL40 Environmental Scanning Electron Microscope equipped with a Gaseous Secondary Electron (GSE) detector. The microscope was operated at an accelerating voltage of 20 kV. The samples were mounted on the aluminum sample holder and placed in the specimen chamber with a water vapor pressure of 2.4 Torr and room temperature. Digital images were taken from the fracture surfaces of the samples at a magnification of 250X.
RESULTS AND DISCUSSION
Effect of Coupling Agent Types on the Tensile Properties of HDPE-Wood-Flour Composites
The results of the effect of coupling agent's functional monomer and base resin types on the tensile properties including yield strength, elongation at break, and modulus of HDPE-wood-flour composites were investigated and the results are summarized in Table 2 . This table also lists the results for neat HDPE and HDPE-wood-flour composites without coupling agents.
Without coupling agents, the addition of wood flour into HDPE matrix significantly reduced the tensile strength of the composites ( Table 2 ). The tensile strength of fiber-reinforced composites can be predicted by the rule of mixtures described in the following equation [18] :
where is the stress at break of the composite (MPa); f is the stress at break of the fiber (MPa); V f is the fiber volume fraction (%); and m is the stress at break of the matrix (MPa). The rule of mixtures only holds under certain conditions [18, 19] : (i) the fibers are continuous, that is they extend for the length of the composites, (ii) the fibers are aligned in a single direction, (iii) the load is applied parallel to the direction of fibers, and (iv) there is perfect interfacial bonding between the fiber and the matrix. Accordingly, the tensile strength of the composites will increase with the fiber fraction beyond the critical fiber 1 Composites were made of 60% HDPE and 40% wood flour based on the total weight of composites. The coupling agent contents were fixed at 5% based on the oven-dry weight of wood flour. 2 The capitalized letters represent the ANOVA results. The means with the same letter denote that the difference between these two treatments is not statistically significant (p> 0.1). Otherwise, the difference is statistically significant (p<0.05).
content, whereas it will decrease with the fiber fraction below the critical fiber content. The critical fiber content at which the fibers began to carry the tensile stress was found to be 10% by wt. (experimentally) and approximately 17% (model prediction) for acetylated cellulosic fibers reinforced thermoplastic composites [18] . Similar results (10% by wt.) have been reported for Kraft pulp reinforced polyolefin composites with the addition of dispersing agents [19] . Since the fiber fraction used in this study (40% by wt. and 39.6% by vol.) was beyond the critical fiber content range [18] , wood flour was supposed to show the reinforcing function if the interfacial adhesion was strong. Unfortunately, the tensile strength of HDPE-wood-flour composites was significantly lower than that of the unfilled HDPE samples. Therefore, poor interfacial adhesion between wood flour and HDPE matrix may be one of the reasons for the inferior tensile strength of the composites [1] [2] [3] [4] [5] [6] [7] [8] .
The incorporation of coupling agents into the formulations had a positive effect on the tensile strength of HDPE-wood-flour composites, regardless of the functional monomer or base resin types. All the functionalized polyolefins significantly improved the yield strength of the HDPE-woodflour composites compared to composites without coupling agents. The observed increase in tensile strength of the composites may be attributed to the improved interfacial adhesion between wood flour and HDPE matrix [3] [4] [5] [6] . As previously discussed, since the wood flour fraction (39.6% by vol.) was considered to be beyond the critical fiber volume fraction, the reinforcing effect of wood flour was realized with the improved interfacial adhesion between wood flour and HDPE matrix.
The enhanced interfacial adhesion between wood flour and HDPE matrix with the addition of coupling agents may be explained by the nature of chemical reaction between the functional groups of the coupling agents and the hydroxyl groups of the wood flour combined with the diffusion of the polyolefin backbone of the coupling agent into the HDPE matrix phase during processing. It is possible that the acrylic acid and maleate groups of the coupling agents were attached to the surface of the wood flour, exposing polyolefin chains on the surface of wood flour. This hypothesis was confirmed in a previous study using FTIR spectroscopy and X-ray photoelectron spectroscopy (XPS) techniques, which revealed that both acrylic acid and anhydride moieties of functionalized polyolefin coupling agents entered into esterification reaction with the surface hydroxyl groups of wood flour [20] . The absorption peaks associated with CH 2 vibrational modes characteristic of the polyolefin chains of the coupling agents and the peaks attributed to the ester groups vibrational modes were clearly present in the FTIR spectra of treated wood flour, indicating the occurrence of esterification reaction [20] . XPS results further supported these findings since the oxygen-to-carbon (O/C) atomic ratio decreased dramatically after fiber modification [20] . The reduction in O/C atomic ratio was indicative that the coupling agents rich in carbon-containing groups have chemically bonded to cellulose surface [20] . The esterification reactions of wood flour with maleated PE and acrylic acid-functionalized PE are shown in Figure 1 . Upon the esterification reaction, the polyolefin backbone chains of the coupling agents were exposed on the surface of wood flour. It is believed that these exposed polyolefin chains diffused into the HDPE matrix phase and entangled with HDPE molecules during processing [3, 6, 21] , creating a bridge at the interface between the wood flour and the HDPE matrix. Therefore, the compatibility between wood flour and HDPE matrix was improved, which in turn enhanced the tensile strength of the composites. This hypothetical adhesion mechanism is illustrated in Figure 2 .
The ESEM micrographs of fractured HDPE-wood-flour composites (in tensile) shown in Figure 3 clearly support the above-mentioned adhesion mechanism. It is observed that without the coupling agents (Figure 3(a) ), wood flour was devoid of HDPE matrix, indicating a poor interfacial adhesion between the filler and the matrix. On the contrary, with the addition of coupling agents (Figures 3(b-d) ), wood flour was embedded in the HDPE matrix phase and there were no clear gaps in the interfacial area between wood flour and the polymeric matrix. This suggests that coupling agents improved the interfacial adhesion between HDPE matrix and wood flour, which resulted in the strength enhancement of the composites. The observed improvement in yield strength of HDPE-wood-flour composites was strongly dependent on the coupling agent's functional monomer and base resin types ( Table 2) .
Concerning the type of functional monomers, maleic anhydride-functionalized polyolefins performed better than the acrylic acid counterparts. Greater improvement in yield strength was achieved when maleated polyolefin coupling agents were incorporated into the formulations of the composites ( Table 2 ). Notice that acrylic acid-functionalized polyolefins also improved the strength of the HDPE-wood-flour composites but at lower extent than that achieved by the addition of maleated polyolefin coupling agents. These results imply that maleated polyolefins may provide better wetting and interfacial adhesion between wood flour and HDPE matrix than acrylic acid-functionalized polyolefins.
The above-mentioned differences in yield strength may be due to the concentrations of effective functional groups available in maleated polyolefins and acrylic acid-functionalized polyolefins. Both maleated polyolefins and acrylic acid-functionalized polyolefins are copolymers, i.e.; they are the products of the copolymerization reactions between maleic anhydride and acrylic acid with olefins, respectively. Since maleic anhydride has a five-member ring structure, it offers spatial resistance for the homopolymerization of maleic anhydride [22] . In other terms, maleic anhydride is more likely to copolymerize with olefins than homopolymerize during the production of maleated polyolefins. As a result, each maleic anhydride group is directly grafted onto the polyolefin backbone and is accessible for attachment to the surface of wood flour. By contrast, acrylic acid tends to homopolymerize due to the lack of spatial resistance in its structure. Acrylic acid may be grafted as short acrylic acid chains on polyolefin backbone chains, consequently, not each carboxylic group of acrylic acid-functionalized polyolefins is available for attachment to the surface of wood flour. Although the percent functionality of acrylic acidfunctionalized polyolefins is higher than that of maleated polyolefins (Table 1) , it is believed that the concentrations of effective functional groups in maleated polyolefins are higher than in acrylic acid-functionalized polyolefins. Accordingly, maleated polyolefins are more effective than acrylic acid-functionalized polyolefins in improving the tensile strength of the HDPE-wood-flour composites. In addition to the effect of functional monomer types, the results listed in Table 2 indicate that the coupling agent's base resin types also affected the performance of maleated polyolefins. PE-based polyolefins (MA-HDPE and MA-LLDPE) offered greater improvement and were more effective in improving the tensile strength of HDPE-wood-flour composites than the PP-based counterpart (MA-PP). It should also be noted that the yield strength of neat HDPE was matched or exceeded only when PE-based polyolefin coupling agents were incorporated into the formulations of HDPE-wood-flour composites. Since the type of functional group and the percent functionality of these three maleated polyolefins are similar (Table 1) , the difference in their effectiveness may be attributed to their base resin types. The addition of PE-based maleated polyolefins may produce a strong interfacial adhesion between the wood flour and the HDPE matrix due to the compatibility between the PE backbone chains of maleated PEs and the HDPE matrix phase. In contrast, PP-based maleated polyolefin only produced a moderate enhancement of the interfacial adhesion between the wood flour and the HDPE matrix because of the relatively low compatibility between PP backbone chains of the coupling agent and the HDPE matrix [23] . Therefore, PE-based maleated coupling agents appeared more effective than PP-based maleated coupling agent in improving the tensile strength of HDPE-wood-flour composites.
Three distinct trends were observed in the effect of the coupling agents' functional monomer and base resin types on the elongation at break of neat HDPE and HDPE-wood-flour composites ( Table 2) . Firstly, without coupling agents, the addition of wood flour into the HDPE matrix significantly reduced the elongation at break of the composites due to the incorporation of brittle filler into the polymer matrix [1, 7, 9, 10] . Secondly, the coupling agent's functional monomer and base resin types strongly affected the elongation at break of HDPE-wood-flour composites. Maleated PEs (MA-HDPE and MA-LLDPE) were the only coupling agents that enhanced the elongation at break of the composites probably because of strong compatibility between phases. However, MAPP did not improve the elongation at break of the composites because of the limited improvement in the interfacial adhesion between wood flour and HDPE matrix with the addition of MAPP. Finally, acrylic acid-functionalized polyolefins did not improve the elongation at break of HDPE-wood-flour composites probably due to the moderate improvement observed in yield strength.
As expected from the rule of mixtures, addition of wood flour into the HDPE matrix significantly increased the tensile modulus of the composites (Table 2) [7, 9, 10, 24, 25] . Furthermore, the use of coupling agents did not affect the tensile modulus of the composites, regardless of the functional monomer or base resin types. The probable reason is that at very low strain, the adhesion between wood flour and the polymer matrix has little effect on the tensile modulus of the composites [7] .
Effect of Coupling Agent Types on the Flexural Properties of HDPE-Wood-Flour Composites
Without coupling agents, the addition of wood flour into the HDPE matrix did affect the flexural modulus but not the flexural strength of HDPE-wood-flour composites ( Table 2 ). The addition of coupling agents significantly improved the flexural strength of the composites as in the case of tensile strength. This was expected because the coupling agents improved the interfacial adhesion between wood flour and HDPE matrix as previously discussed.
The coupling agent's functional monomer and the base resin types affected the flexural strength in a manner similar to their effects on yield strength and elongation at break. As previously discussed, maleated polyolefins performed better than acrylic acid-functionalized polyolefins in enhancing the flexural strength of the composites due to the higher effectiveness of anhydride groups in maleated polyolefins. In addition, the performance of maleated polyolefins was also strongly dependent on the coupling agent's base resin types. PE-based maleated polyolefins (MA-HDPE and MA-LLDPE) were more effective than PP-based counterpart (MA-PP) in improving the flexural strength of the composites because of the compatibility between the PE backbone chains of the coupling agents and HDPE matrix.
As expected, the flexural modulus of the composites increased with the addition of wood flour to the HDPE matrix ( Table 2 ). In contrast to tensile modulus, the addition of only MA-PE coupling agents (MA-HDPE and MA-LLDPE) improved the flexural modulus significantly, probably because of improved adhesion between the filler and the matrix.
CONCLUSIONS
This study investigated the effects of coupling agent's functional monomer and base resin types on the tensile and flexural properties of HDPE-wood-flour composites. The following conclusions may be drawn from the experimental results:
1. The flexural and tensile strengths of HDPE-wood-flour composites were significantly enhanced by the addition of coupling agents, independent of the coupling agent's functional monomer and base resin types.
2. Both functional monomer and base resin types are important factors determining the effectiveness of functionalized polyolefins in improving the strength properties of HDPE-wood-flour composites. Maleated polyolefin coupling agents performed better than acrylic acid-functionalized polyolefins and PE-based maleated coupling agents were more effective than PP-based counterparts. 3. Maleated PEs were the only coupling agents that enhanced the elongation at break of the HDPE-wood-flour composites. 4. The tensile modulus of HDPE-wood-flour composites was insensitive to coupling agents whereas the flexural modulus of the composites increased with the addition of MA-PE coupling agents.
